Ion mobility-mass spectrometry (IMS-MS) and molecular modeling techniques have been used to characterize ovalbumin N-linked glycans. Some glycans from this glycoprotein exist as multiple isomeric forms. The gas-phase separation makes it possible to resolve some isomers before MS analysis. Comparisons of experimental cross sections for selected glycan isomers with values that are calculated for iterative structures generated by molecular modeling techniques allow the assignment of sharp features to specific isomers. We focus here on an example glycan set, each having a m/z value of 1046.52 with formula [H 5 N 4 ϩ 2Na] 2ϩ , where H corresponds to a hexose, and N to a N-acetylglucosamine. This glycan appears to exist as three different isomeric forms that are assignable based on comparisons of measured and calculated cross sections. We estimate the relative ratios of the abundances of the three isomers to be in the range of ϳ1.0:1.35:0.85 to ϳ1.0:1.5:0.80. In total, IMS-MS analysis of ovalbumin N-linked glycans provides evidence for 19 different glycan structures corresponding to high-mannose and hybrid type carbohydrates with a total of 42 distinct features related to isomers and/or conformers. (J
Ion mobility-mass spectrometry (IMS-MS) and molecular modeling techniques have been used to characterize ovalbumin N-linked glycans. Some glycans from this glycoprotein exist as multiple isomeric forms. The gas-phase separation makes it possible to resolve some isomers before MS analysis. Comparisons of experimental cross sections for selected glycan isomers with values that are calculated for iterative structures generated by molecular modeling techniques allow the assignment of sharp features to specific isomers. We focus here on an example glycan set, each having a m/z value of 1046.52 with formula [H 5 N 4 ϩ 2Na] 2ϩ , where H corresponds to a hexose, and N to a N-acetylglucosamine. This glycan appears to exist as three different isomeric forms that are assignable based on comparisons of measured and calculated cross sections. We estimate the relative ratios of the abundances of the three isomers to be in the range of ϳ1.0:1. [1, 2] and is associated with the conformational stability, physicochemical properties (e.g., solubility, resistance to enzymatic degradation), cellular transport, or cell-cell interactions [3, 4] . Unlike other modifications, a single glycosylation site can generate substantial heterogeneity. For example, ovalbumin, a 385 residue glycoprotein, is N-glycosylated only at a single site, the 292 nd asparagine residue. Yet, more than 30 species having different mass-to-charge (m/z) values corresponding to high-mannose and hybrid N-linked glycans are reported to be associated with this site [5] [6] [7] [8] [9] [10] [11] . This complexity arises from the template-free nature of glycosylation, thus prompting the formation of many structures, many of which are isomers.
A substantial factor that limits our understanding of the role of glycoproteins in biological processes is that few experimental techniques can provide information about these isomeric structures, especially when obtained from biological sources at minute quantities (and often as mixtures). Traditionally, detailed characterization of glycans in a biological mixture relies on the use of a wide variety of analytical methodologies, including condensed phase separations [12, 13] , chemical derivatization [14] , and more recently mass spectrometric (MS) and tandem MS (MS n ) techniques [15] [16] [17] .
In recent years, several groups have developed ion mobility-mass spectrometry (IMS-MS) techniques for the analysis of complex protein and peptide mixtures [18 -23] . IMS-MS techniques incorporate a gas-phase separation before mass analysis. The separation is based on differences in ion mobilities through the buffer gas, which originate from differences in shape and charge. These separations occur on millisecond timescales and information that is obtained can complement MS-based assignment methods. Here, we explore the use of IMS for the analysis of glycans with the aim of using the approach to differentiate conformational differences of species having similar antennary substitutions that are connected at different positions to the trimannosyl-chitobiose core. In this case, the assignment of isomers would be difficult since the glycosidic fragments typically observed in MS n experiments would be ambiguous. However, these structures can have different geometries in the gas phase that are amenable to separation using an IMS-MS approach. The complexities mentioned above, in combination with the lack of automated sequencing tools, have limited the highthroughput analysis of complicated carbohydrate mixtures. Several research groups have demonstrated the benefits of incorporating ion mobility separations for determining structural differences in small oligosaccharides and simple mixtures [24 -28] .
The present work focuses on the analysis of N-linked glycans enzymatically released from ovalbumin using an IMS-TOF/MS approach. The permethylated digest was electrosprayed directly into the instrument without the use of more complicated separation methods. In the analysis of ovalbumin, we find that a thorough examination of the glycan profile, including gas-phase structural information, could be performed by the incorporation of a dispersive ion mobility separation before mass analysis. The structural information obtained from mobility data were translated into differences in shapes of the molecules and precise cross sectional areas were measured. The cross sections were then used to assign isomers using data obtained from molecular modeling results. Since IMS-MS separations use a dispersive approach without mass selection, quantitative information about the system should be accessible through the relative intensities of different features (corresponding to different isomers) in the IMS distributions.
Experimental

Isolation of N-Linked Glycans from Ovalbumin
Peptide N-Glycosidase F (PNGase F, Ͼ95% purity) of Flavobacterium meningosepticum was purchased from Sigma Chemical Co. (St. Louis, MO). HPLC grade acetonitrile and water were purchased from EMD Chemicals (Ն99.9% purity, Gibbstown, NJ). Ovalbumin Grade VI (Ͼ98% purity) and all other reagents were obtained from Sigma Chemical Co.
A microtube digestion and permethylation procedure was used to obtain the N-linked glycans from ovalbumin. The details of the procedure have been reported elsewhere [29 -32] . Briefly, 5 mg of ovalbumin was dissolved in 10 mM sodium phosphate buffer (pH 7.5) followed by addition of PNGase F at a concentration of 50 milliunits of enzyme per mg of glycoprotein. The reaction mixture was incubated at 37°C for 18 h. The N-linked glycans were purified using C18 Sep-Pak solid-phase extraction (SPE) cartridges (Waters Corp., Milford, MA) following conditioning and equilibrating steps with ethanol and water, respectively. Glycans present in the SPE flow-through were then passed over activated charcoal microcolumns (Harvard Apparatus, Holliston, MA) preconditioned with 1 mL of acetonitrile and 1 mL aqueous solution of 0.1% trifluoroacetic acid (TFA). The microcolumn was washed with 1 mL of 0.1% TFA and samples were eluted with a 1-mL aliquot of 50% aqueous acetonitrile with 0.1% TFA. The purified N-glycans were evaporated to dryness using a vacuum CentriVap Concentrator (Labconco Corporation, Kansas City, MO) before solid-phase permethylation. Purified glycans were permethylated by using a recently developed spin-column permethylation procedure [32] . Briefly, an empty microcolumn (Harvard Apparatus, Holliston, MA) was packed with sodium hydroxide beads (80 mesh) and suspended in dimethyl sulfoxide (DMSO). The dried glycan sample was dissolved in 93 L of DMSO (3% vol/vol H 2 O) followed by the addition of 33.6 L of iodomethane. The reaction mixture was passed through the spin column eight times; 300 L of chloroform was added to the mixture and extracted four times with 300 L of H 2 O. The chloroform layer containing the permethylated glycans was evaporated to dryness using a CentriVap concentrator.
A fraction of the dried sample was reconstituted in 50:50 acetonitrile:water (0.2% formic acid, vol/vol; 2 mM sodium acetate) to a final concentration of 0.25 mg/mL before IMS-MS analysis. The glycan solution is delivered to the electrospray emitter (2 kV) at a flow rate of 250 nL · min Ϫ1 using a syringe pump (KD Scientific, Holliston, MA) fitted with a 500 L gas-tight syringe (Hamilton, Reno, NV).
Overview of IMS-MS Analysis
A schematic diagram of the instrument used for this study is shown in Figure 1 . The instrument is comprised of a standard electrospray source equipped with an hourglass ion funnel interface mounted to a drift tube/ time-of-flight-MS instrument that has been described elsewhere [33] . The drift tube assembly is made up of three drift tube regions that are connected in series by the use of ion funnels [34] . The instrument used for this study can be operated in many different modes that allow mobility selection, ion activation, and ion fragmentation to be coupled in the drift tube during a single IMS experiment by changing conditions at the funnels [35] . The drift tube conditions were set for transmission of all ions and analysis of the glycans in IMS-MS mode.
Briefly, experimental measurements are made as follows. Ions generated at the electrospray emitter are introduced directly into the source region where they are accumulated at the first ion funnel (F1). The accumulated ions are then pulsed as a narrow packet of ions (typically a 100 s pulse width) into the first drift tube region (D1). The ions migrate through the drift tube region at their characteristic mobilities under the influence of a weak electric field and collide with He buffer gas at a pressure of ϳ3 Torr at 298K. As ions exit the first drift region, they enter ion funnel regions (F2, F3) that are used to focus the diffuse ion clouds and transmit species into successive drift regions (D2, D3).
Ions exit the drift tube through a differentially pumped region and are focused using ion optics into the main vacuum chamber. Drift time distribution of ions (without m/z analysis) can be recorded using an on-axis collision dynode/microchannel plate detection system, or two-dimensional IMS-MS analysis can be performed by pulsing ions that exit into an orthogonal reflectron geometry time-of-flight MS. The MS analyzer has a typical resolving power of ϳ4000. The timescale of an ion mobility distribution for this study is about 70 ms, while flight times in the MS require 65 s. It is possible to perform many TOF experiments within a single drift experiment given the disparity in time scales. We refer to this as a "nested" experiment because MS flight time distributions are recorded within individual drift time windows.
Ion Source Conditions
Ions are created by ESI and accumulated directly into a source funnel that is operated at ϳ1 to 3 Torr. The source funnel is designed to allow He from the drift tube to flow in the direction of the source, but this flow prevents ambient air from entering the drift region. Under the conditions of these experiments, we often find that glycan ions for individual m/z values appear as broad peaks with few features in the IMS analysis. We believe this is because these ions may not be entirely desolvated before being gated into the drift region; or, multiple conformations may coexist, leading to broad peaks. In the analysis of glycans (as well as some other biomolecules) we find that in some cases the IMS distributions that are observed experimentally depend upon the source conditions (e.g., ESI needle voltage and position, solution composition, as well as fields used to trap ions in the funnel). In the present system, we have varied the source such that we observe sharp features in the IMS distributions. Two factors appear especially important: efficient formation of sodiated species (obtained by using 2 mM sodium acetate in the sample solution); and, the RF fields in the source ion funnel. Under other conditions, the distributions may appear unresolved. This behavior, which is similar to that found upon heating the ion source, or injecting ions at high energies into a drift tube suggests that under these conditions, different conformations (present for the different isomers) anneal into more stable conformations before release into the drift tube. There is no evidence for fragmentation induced because of differences in source conditions. Once conditions where sharp peaks in the IMS distributions are observed, we find that it is possible to reproduce these features on different days (over several years that we have been examining these systems). We note that similar changes in ion distributions were observed early on in the analysis of protein ion conformations [36, 37] .
Experimental Mobilities and Cross Sections
Drift time distributions for assigned glycans were used to obtain experimental cross sections. The details of determining cross sections using the modular drift tube have been described elsewhere [38] . Briefly, the time required for an ion to exit the drift region (drift time, t D ) is dependent on the mobility (K) of the ion as given by
where v D is the drift velocity and E is the drift field. The drift velocity of an ion is dependent on the overall charge state of the ion as well as its collision cross section. Ions with higher charge states typically have shorter drift times compared to ions having lower overall charge; similarly, ions of the same charge and mass with relatively compact structures have shorter drift times than those with more elongated structures. The drift time of an ion can be converted directly to a collision cross section by determining the reduced mobility (normalized to standard temperature and pressure) of the ion and according to the equation: [39] 
where L, t d , and E are the drift tube length, ion drift time, and drift field, respectively. T and P are the temperature and pressure of the buffer gas, respectively; ze is the ion's charge; m B and m I are masses of buffer gas and ion of interest, respectively; k b is Boltzmann's constant; and N is the neutral number density. The cross section measurements of well-characterized systems are precise and usually fall within a 1% to 2% relative uncertainty [35, 40] . The primary source of error with this type of measurement is usually associated with fluctuations in buffer gas temperature, which in our instrument varies with ambient temperature (and is recorded using a thermocouple that is attached to the drift tube can). 2ϩ (H ϭ hexose, N ϭ N-acetylglucosamine) were constructed using the Insight II software package (Accelrys Inc., San Diego, CA) and followed by parameterization with the AMBER force field using Homans' carbohydrate parameters [41] . [H 3 N 2 ϩ 2Na] 2ϩ structures were optimized (similar to procedures described previously) [42, 43] using the steepest descent and conjugate gradient minimization steps with tolerances of 10 kcal · mol Ϫ1 · Å Ϫ1 and 0.01 kcal · mol Ϫ1 · Å Ϫ1 , respectively. Simulated annealing of the resulting structures were performed by running dynamics at 500 K for a period of 4 ps followed by a cooling period to 298 K over 1 ps. Structures were then energy minimized as before and the resulting structures served as the input for the next round of annealing. [H 5 N 4 ϩ 2Na] 2ϩ isomers were modeled using a modified protocol that uses restrained sodium ion distances at specific locations along the glycosidic and amide oxygens to probe a larger conformational space. A total of 11 charge configurations for each isomer were submitted for molecular dynamics at 298 K with sodium ions restrained to 2.3 Å of amide or glycosidic oxygen atoms and sampled every 5 ps over a 0.25 ns simulation. Optimum sodium/oxygen distances were obtained from simulations of [H 3 N 2 ϩ 2Na] 2ϩ , which agreed with previously reported results that used higher levels of theory [44] . Low-energy conformations for each of these isomers were then subjected to a final stage of dynamics without restraints, resulting in 600 conformers and 3 ns of dynamics at 298 K. Crosssections for trial geometries were calculated using the trajectory method (TM) or the projection approximation that has been calibrated to the TM method as described previously [42, 45] . The ϩ1 series is shown in diagonal slice a with the sodiated trimannosyl glycan core [H 3 
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N 2 ϩ Na] ϩ at m/z ϭ 1171.50, and chitobiose glycan core with two mannose residues [H 2 N 2 ϩ Na] ϩ at m/z ϭ 966.59 readily observed with lower m/z species found in higher abundance. Higher charge states for the N-linked glycans were not observed in this experiment, but a series of multiply charged multimers were seen in the high mobility region and shown in diagonal slice d. The ions extracted in region c of the t D (m/z) dataset have sharp drift time distributions and have been tentatively assigned to by-products of the permethylation reaction and sodium adducts based on the m/z range and spacing observed for these series of [M ϩ 2Na] 2ϩ ions.
Mobility Separations Reduce Spectral Congestion of Glycan Mixtures
A closer inspection of the t D (m/z) dataset also demonstrates the ability to shift lower abundance species into regions with lower chemical noise as illustrated in Figure 3 . This is similar to what has been reported for complex mixtures of peptides using these techniques [46, 47] . The bottom inset of Figure 3 shows an expanded view of the ϩ2 series integrated along a diagonal slice from m/z ϭ 500 to 1350. This region of the IMS-MS dataset is dominated by the [M ϩ 2Na] Table 1 .
Also similar to peptide ion mixtures, mass spectra that are obtained by taking slices across diagonal regions show the separation of charge state families. For example, Figure 3 shows regions corresponding to a ϩ1 series (left) and ϩ2 series (right) (these regions have been magnified for the m/z range of 950 to 1200 at the top of Figure 3) 2ϩ , m/z ϭ 597.3) shows a sharp peak centered at 264.1 Å 2 corresponding to the glycan core, which is present in all N-linked glycans. We note that although this peak is sharp there are some reproducible shoulders corresponding to ions having different structure that are not entirely resolved; also observed is a much smaller feature (Ͻ5% abundance for this m/z) corresponding to ions with larger cross sections. However, overall this profile is consistent with a distribution that is expected to be dominated by a single isomer. As we gain experience with glycans, we are finding that the observation of lower abundance features in distributions that are expected to correspond to single isomers is not atypical. It may be that a single isomer exists as multiple conformations; or another ion having a different covalent structure may be present in low abundance. In general, though, ions that are expected to show only a single isomer are normally dominated by one large sharp peak and other features appear smaller.
Example Drift Time (Cross Section) Distributions
On the other hand, IMS distributions for m/z ranges that are expected to contain multiple isomers often exhibit more complicated behavior. The top panel of Figure 4 shows the drift time distribution of [H 5 N 4 ϩ 2Na] 2ϩ (m/z ϭ 1046.52), which is a hybrid-type glycan known to occur in ovalbumin and have multiple isomers. The structures of [H 5 N 4 ϩ 2Na] 2ϩ isomers, which were reported previously based on tandem MS results [48, 49] , are shown on the top left of Figure 4 . The drift time distribution for [H 5 N 4 ϩ 2Na] 2ϩ shows three resolved peaks centered at cross sections of 382.1 Å 2 , 392.2 Å 2 , and 411.8 Å 2 , respectively. Using peak heights, we estimate the intensity ratios of these peaks to be 1:1.5:0.8, respectively. Alternatively, we have also fit peaks using Gaussian peak shapes (and subtracted these fits to estimate abundances). Using this approach, the relative ratios of peak areas are estimated to range from ϳ1:1.35:0.85 to ϳ1:1.5:0.8; the range provides some feeling of the anticipated uncertainty in these relative abundances. Table 1 , possibly other conformations of these oligosaccharides exist. Since the enzymatic release of N-glycans result in the formation of structures with free reducing end, exchange between the ␣ and ␤ forms of the reducing end N-acetylglucosamine could contribute to multiple peaks in the drift time distribution [25] .
Molecular Modeling and Cross Sections for Calculated Trial Geometries of Different Isomers
It is interesting to examine molecular dynamics simulations of [H 3 N 2 ϩ 2Na] 2ϩ and three isomers of [H 5 N 4 ϩ 2Na]
2ϩ . As discussed previously [50 -52] , correlation between low-energy trial conformations and sharp features in the drift time distribution provides a possible means of assigning isomers. This approach has significant merit in complementing fragmentation studies. Lowest energy conformers (10 lowest calculated energies) for [H 3 N 2 ϩ 2Na] 2ϩ have a calculated cross section of 269.9 Ϯ 3.08 Å 2 , within 2.2% (relative uncertainty) of the experimental cross section of 264.1 Å 2 measured for the large sharp feature. Automatic assignment of partial charges using Homans' carbohydrate parameters [41] listed partial charges in increasing order for oxygens as: glycosidic (anomeric) Ͻ acyl Ͻ methoxy oxygens. Inspection of Na ϩ ¡O distances for the geometries generated during the simulation is beneficial, since these atoms would likely drive energetically favorable interactions with noncovalent sodium ions and have a large influence on the gas-phase conformations [28, 44] . A comparison of Na ϩ ¡O distances for lowest energy conformations of the simulation revealed that the Na ions showed much smaller relative cross section changes throughout the simulation, even when performing dynamics at elevated temperatures (1000 and 1500 K, data not shown). This result agreed with a previous report, suggesting the small effect that higher energies (i.e., higher temperatures) used in the simulation had on Na ϩ positions in more complex glycan structures [44] . Figure 5 shows a scatter plot of cross sections vs. total energy for three isomers of [H 5 N 4 ϩ 2Na] 2ϩ . It is interesting that each of the glycans may exist over a range of cross sections, depending upon the site assignments of charges and the specific ion conformation. However, the analysis does provide clues about the assignments of different experimental features that are observed. To find model structures that had cross sections that were similar to the experimental values, we employed a simulated annealing approach. Annealing of a large group of preliminary glycan ion structures was carried out by restraining sodium ions to a distance of 2.33 Å at all glycosidic and amide oxygens (shown as open diamonds in the bottom part of Figure 5 ). The lowest energy conformation of each of these isomers was then run through a second round of molecular dynamics at 298 K (shown as closed diamonds). One issue that arises in this type of analysis is which conformers for each isomer should be compared with experiment. Typically one uses the lowest energy conformers, or a set of low-energy structures (in an attempt to find an average type of conformation that is representative of experiment). In the modeling approach that we have used, the lowest energy structure for each of the three isomers of [H 5 N 4 ϩ 2Na] 2ϩ yielded calculated cross sections of 381.7, 392.9, and 415.0 Å 2 . If we were to select the three lowest energy conformers for each isomer (in this case the lowest three fall within 0.2 kcal/mol of one another) we obtain average cross sections of 382.1 Ϯ 0.9, 392.9 Ϯ 1.3, and 414.2 Ϯ 1.1 Å 2 . This selection leads to the same assignment of peaks. We note that selection of the 10 lowest energy structures for each results in cross sections of 382.4 Ϯ 1.2, 393.9 Ϯ 2.1, 417.9 Ϯ 3.7 Å 2 . Although the range of energies associated with these structures is 0.5 to 3.1 kcal/mol, the assignment of peaks would not vary. We note that Number of different glycan isomers reported for ovalbumin. Numbers of structures were collected from references [4 -12, 48, 49] .
in all cases, the selection of lowest energy structures is associated with one of the charge site assignments that were used to model the conformations. We find average calculated cross sections of 382.4 Ϯ 1.2 Å 2 for the tetra-antennary N-linked glycan shown in blue, 393.9 Ϯ 2.1 Å 2 for the tri-antennary N-linked glycan with a bisecting N-acetylglucosamine (GlcNAc) shown in red, and 417.9 Ϯ 3.7 Å 2 for the biantennary structure with a bisecting GlcNAc shown in black. These calculated cross sections for the lowest energy calculated structures for each of these three isomers were all within 1.5% of the experimentally observed features for this N-linked glycan. From this, we have made the assignments of the three structures that are shown in Figure 5 .
Finally, Figure 6 shows representation of the structures of different isomers. Each structure that is shown corresponds to the lowest energy conformer found by molecular dynamics for each of three isomers of 
Conclusions
The characterization of ovalbumin hybrid and highmannose N-linked glycans was performed using a nanoflow ESI-IMS-TOF/MS approach. This first analysis shows that IMS is highly complementary to MS for the analysis of isomers. We found evidence for 42 distinct features that correspond to 19 m/z values consistent with natriated N-linked glycans associated with ovalbumin for the [M ϩ 2Na] 2ϩ series and a limited number of less intense [M ϩ Na] ϩ species (Man3 and smaller). Drift time distributions were used to obtain experimental cross sections for some features. Four glycans were analyzed in more detail by molecular modeling techniques. For these, trial structures were taken through an energy minimization process and cross sections were calculated for a range of ions that were obtained from dynamics. Using this information, it was possible to make assignments of three peaks to one isomer set of structures that have been reported previously.
At this point, the ability to pull apart different ions that have different structures by IMS has been demonstrated. Moreover, an example for separating and assigning three different isomers shows that combining IMS-MS analysis with molecular modeling appears promising. However, while promising, there is ambiguity associated with what has been separated by IMS and the methodology for detailed characterization is clearly at an early stage. Because a single isomer may exist as multiple conformations that may not be in equilibrium in the gas phase, the IMS separation may show multiple features for individual isomers. We have attempted to minimize the overlap of conformations from different isomers by operating our source under conditions that we believe should allow different conformations to anneal into preferred states before they are separated in the drift tube. In these cases, we have shown that this approach appears to be a promising method to assign structural isomers. However, more work is needed to develop methods for clearly discerning between conformers and isomers in these studies. Multidimensional IMS-MS analysis is a promising approach that can be used to assign features in the drift time profiles to a particular isomer or conformer [53] . In addition to the present methodology, this approach can be useful for the analysis of glycan heterogeneity. Several other approaches are also under development, including coupling condensed phase separations with IMS-MS methods, which should allow those isomers that are separable before ionization to be characterized, and MS/MS analysis after IMS separations.
